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Thesis directed by Prof. Matthew Glaser
I have been investigating methods to study liquid crystals and membranes on a small scale,
using microfluidics. I designed a system for automatically sorting micron sized droplets using di-
electrophoresis. In addition to droplet sorting, I have made progress toward a system for producing
smectic phase shells, with the purpose of applying an osmotic pressure to the shell. This will yield
insight into the structure of the shell.
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Chapter 1
Introduction
Circuitry is becoming miniaturized and integrated into chips. In the past decade, chemical
and fluid processes that were once done by hand, are becoming miniaturized and integrated. This
emerging field is called microfluidics, or sometimes called Lab On Chip technology. Microfluidics has
several advantages over larger scale processes, for example, cost. Some reagents are very expensive,
and microfluidic devices can efficiently use less fluid. They can automate repetitive processes at
high speed. For example, DNA sequencing can be done very cheaply on a microfluidic chip [5].
Another use is the creation designer emulsions, that goes beyond the abilities of bulk chemistry.
For example, not only can designer emulsions be made, emulsions within emulsions are possible
[12]. I will sometimes refer to micro-emulsions as droplets. The droplets I create are of immiscible
fluids. The droplets are between 20 and 300 microns in diameter, depending on device design and
other parameters.
My project is about precise control of droplets. This took form as two different related
studies. One was the rapid automated sorting of micro-emulsions based on whether they are
optically birefringent. The other was a study of fundamental fluid dynamics of micro-emulsions
and liquid crystals. The goal of the second project was to exert osmotic pressure on smectic phase
shells of varying thickness, and characterize the structure, measure the osmotic force as a function
of droplet size and membrane thickness, and understand how the structure of the shell is related
to these factors.
21.1 Background
The droplet sorting project was inspired by a need to explore the results of a previous ex-
periment. The Liquid Crystal Materials Research Center carried out a study related to the self
assembly of DNA [14]. Short segments of complementary pairs of DNA were synthesized and mixed
in solution. Some of the pairs found their complement, and formed a helix. Some of the short helix
segments then grouped together to form small domains. These domains happened to be nematic
liquid crystal. However, not all complementary pairs found their match. The goal of the microflu-
idic sorting project was to study these liquid crystal domains, and the composition of the isotropic
phase DNA in the solution.
Figure 1.1: Diagram of aggregated nematic DNA, and corresponding domains
The goal was to accomplish this by detecting the liquid crystal domains optically based on
birefringence. The design is as follows: The aqueous solution containing the liquid crystal domains
is to be injected into the microfluidic device. The microfluidic device is filled with a fluid immiscible
with water, such as oil or hexadecane. At a junction inside the device the aqueous fluid stream
is squeezed by a flow of oil, which pinches solution off into droplets. The droplets may or may
not contain liquid crystal domains. The droplets flow farther down the channel until they reach
the sorting area. This area has a laser shining vertically through it (the microfluidic device is
transparent). The entire device is between crossed polarizers. This allows detection of the droplet
3based on birefringence, which is a property of the nematic domains.
Birefringence in liquid crystal is a property of a material having two different indices of
refraction. This means light passing through the material will do so at different speeds, depending
on the direction of the polarization. Crossed polarizers will normally prevent all light from passing
through both polarizers. However, a birefringent object between the polarizers will give the light
an elliptical polarization, which will allow some light to pass.
Once a droplet is detected, it can be steered down an exit channel, either right or left. There
are many ways to do this, however the most efficient and widely used method is dielectrophoresis,
where a force is exerted on the droplet by electric fields. This process allows sorting at kilohertz
speeds [4].
My second project grew out of a need to debug my first project. Dust was clogging and
destroying the microfluidic devices. They are time consuming to build, and I needed an efficient
way to practice eliminating dust from the process. Glass capillary devices are quick to build,
requiring only some glue, a pipette puller, a microscope slide, and some syringe tips. Using these
devices, I was able to quickly engineer a dust free process. Glass capillary devices are coincidentally
very good at making single and double emulsions, and the ease of building them was very appealing.
This led to experimenting with liquid crystal emulsions via glass.
The project that emerged was to create smectic phase double emulsions. I have successfully
made some smectic double emulsions, although more work needs to be done to improve their
quality. Once I have double emulsions, I want to apply osmotic stress on the droplets by varying
ion concentrations in the fluids. The purpose is to study basic properties of the droplets, and the
structure of liquid crystal shells. There is some previous work by Jan Lagerwall on creating smectic
double emulsions using microfluidics. The liquid crystal material I am working with is called 8cb,
which is an inexpensive cyanobiphenyl.
The challenge of working with this material is the high viscosity at room temperature. I am
using a custom built heating stage to heat the 8cb in to the isotropic phase. It is also necessary to
heat the microtubing to allow the 8cb to flow into the device. I am simply using a 60 watt lamp to
4accomplish this task.
1.2 Basic Design
There are many ways to design a microfluidic device. Glass capillary devices are simple and
linear, although they can create emulsions within emulsions. PDMS devices are more versatile
than capillary based designs. The reason is that their channels are designed in CAD and fabricated
with a lithographic process. Almost any two dimensional design is possible. The first generation of
devices I built were based on an old design created by my predecessor. It had channel dimensions
on the order of 300 microns. I simply integrated electrodes into the design. This was unsuccessful
in creating a dielectrophoretic force. The channels were too wide and the droplets too large. The
droplets generated would fuse together instead. This is a well known phenomenon, where droplets
subjected to an electric field will merge, and is a design goal of some microfluidic devices, however
for me it was a real problem. I decided to copy designs from previous publications.
One of the designs I copied is from [2]. An image of the fabricated device from their paper
is shown below:
Figure 1.2: Microfluidic device. 25 micron droplets. [2]
This design has interesting features. The waste channel is wider than the keep channel. Since
flow is laminar, the fluid resistance is lower in the waste, so flow will naturally go to waste. There are
also the curvy horizontal channels. This is a flow balancing technique. If too many droplets collect
5in a channel, the fluid resistance will increase. This could affect sorting performance. The channels
will help balance the resistance. An experiment in [10] demonstrates that droplets in parallel
channels that are periodically bridged by perpendicular connecting channels will synchronize the
droplets in the channels. I built many different designs. This is the most complicated. They
all however have the same basic structure of a keep and waste branch, electrodes, and droplet
generator. The droplet generator in the design above is not shown.
A frame from a low speed film of one of my devices is in the next figure. I have highlighted
the channel walls by hand, as they are hard to see. The droplet generator is the junction of the
four channels.
Figure 1.3: Photograph of droplet generating device. Electrodes to the right.
Chapter 2
Physics of Droplet Production
A microfluidic device is a versatile tool, and is capable of producing many types of fluid flows.
Producing droplets is one possibility. By manipulating flow rates, viscosity, and fluid surface energy
it is possible to precisely control the size and rate of droplet production. Typical sizes and speeds I
have experience with are 20 to 100 microns in diameter and droplet generation rates between 10Hz
and 10KHz. Flow at this length scale is typically laminar (depending on fluid viscosity) and this
has several benefits, such as the ability to produce mono-disperse droplets (droplets of the same
size) [3].
My primary interest is in producing double emulsions, or shells. These are droplets of an
inner fluid, coated by a layer of a different immiscible fluid, all in a third fluid. If the fluids are
immiscible, it is possible for the droplet to be stable. Single emulsions are simply droplets of an
inner fluid and an outer fluid. The physics of a double emulsion can in principle be reduced to a
single emulsion problem. If the viscosity of the middle and inner fluid are the same, the behavior
is approximately that of a single stream. There is an inner fluid and an outer fluid, in a coaxial
flow. The inner and outer fluid are forced through a small orifice. This produces a jet of inner
fluid with a coaxial shear produced by the outer fluid. Under the right conditions this can induce
droplet breakup.
There are two typical modes in which droplets form, dripping and jetting. Jetting is where a
long stream of fluid forms in the orifice and then breaks apart. This occurs when there are higher
flow rates, and viscous stress dominates inertial terms. Jetting tends to produce less mono-disperse
7droplets. Dripping is produced at a lower flow rate, and produces mono-disperse droplets. Droplets
are formed at the orifice of the channel. Figure 2.1 illustrates the difference between dripping and
jetting flows.
Figure 2.1: A. Dripping. B. Jetting. Image from [3]
The behavior in these two regimes are qualitatively different, but the Rayleigh-Plateau in-
stability is the underlying physical phenomenon that governs both modes. Essentially a cylinder
of fluid longer than its radius is unstable to perturbations. Some modes on the surface are stable,
while others are unstable. This is one reason mono-disperse droplets are possible. The cylinder
grows more slowly than an unstable mode, and the pinch off point is always at the same location.
The instability growth rate is proportional to its perpendicular surface velocity, or
v ∼ γ
ηof
where γ is the interfacial tension and ηno is the viscosity of the outer fluid. This gives a qualitative
picture of the different regimes. Dripping is dominated by inertial effects, so in this mode the
perturbation will evolve more quickly than in a regime dominated by viscosity [3]. This line of
reasoning allows a definition of pinch off time, when the perturbation reaches the center of the fluid
column:
tpinch =
CRjetηof
γ
where C is a constant determined numerically [3], and Rjet is the radius of the fluid cylinder. The
constant C is about 20 when ηif/ηof = 0.1. The growth rate of the cylinder can be determined by
8conservation of mass and fluid incompressibility. This time is tg ∼ Rjet
3
Qsum
, where Qsum is the inner
and middle flow rate combined. The Rayleigh-Plateau instability will not form until the cylinder
is about as long is its radius. That is the source of the radius cubed factor. The cross sectional
area of a cylinder is proportional to R2jet, multiplied by its radius again to give a volume where
the instability may occur. Divide this by the flow rate, and the result is an approximate time for
cylinder growth. This allows a definition of a capillary number which will tell us when the system
is in a dripping or jetting regime.
Ca =
tpinch
tg
=
vfluidηOF
γ
When Ca < 1, the pinch off time is less than the growth time of the cylinder, and mono-disperse
droplets form. When Ca > 1 the growth time of the cylinder is less than the pinch time, and jets
can form before droplet breakup; this is the jetting regime. From these equations it is possible to
derive the size of the droplets in terms of flow rates, viscosity, and interface energy. From flux and
mass conservation:
Qsum
QOF
=
piR2jet
piR2orifice − piR2jet
The droplet radius is Rdrop = 1.87Rjet [3].
2.0.1 Rayleigh-Plateau Instability
The Rayleigh-Plateau instability is the mechanism by which a cylinder of fluid breaks up into
droplets. A cylinder of fluid is not energetically favorable, and is unstable to perturbations. This
hints at the method of analysis. Introduce radial perturbations in the form of oscillatory modes on
the surface of a fluid cylinder. After doing this, find which modes are unstable. An unstable mode
grows with time. Since the mode is radial, physically this means the instability will eventually
reach the center of the fluid cylinder, and a droplet will pinch off [6].
Before presenting the mathematical treatment, I will give a simple intuitive interpretation:
Examine the curvature of the fluid cylinder in figure 2.2. From the Young-Laplace pressure equation,
pressure is proportional to curvature, or 1/R. Looking at the variation in width (represented by red
9rings), the troughs will have higher pressure than the peaks, because the radius is smaller. This
will cause fluid to flow to the lower pressure peaks, and increase the amplitude of the wave.
However, the curvature along the surface also needs to be taken into account. At the troughs,
curvature is negative and this will decrease the pressure. At the peak, the curvature will increase
the pressure. This has a balancing effect, but it is not perfect. For some wavelengths, the cylinder
is unstable and will break up.
Figure 2.2: Perturbed Fluid cylinder and curvatures
The equations governing fluids are the Navier-Stokes equations. These are not trivial to solve,
however, it can be done for special cases. In cylindrical coordinates, the NS equations are:
∂ur
∂t
+ ur
∂ur
∂r
+ uz
∂ur
∂z
= − ∂p
ρ∂r
+ V iscous term
∂uz
∂t
+ ur
∂uz
∂r
+ uz
∂uz
∂z
= − ∂p
ρ∂z
+ V iscous term
1
r
∂
∂r
(rur) +
∂uz
∂z
= 0
I ignore the dynamic viscosity. Next I consider the form of the perturbations. The cylinder
has a constant radius R0, and I am looking for sinusoidal modes of perturbation. This is convenient
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as it is possible to represent any perturbation with a combination of sinusoidal modes. Chose a
perturbation of the form:
R˜ = R0 + e
wt+ikz
The NS equations require velocities. So now linearize the NS equations to first order with the
perturbed velocities u˜r, u˜z and p˜. Retaining only terms of order , the linearized NS equations
become:
∂u˜r
∂t
= − ∂p˜
ρ∂r
∂u˜z
∂t
= − ∂p˜
ρ∂z
∂u˜r
∂r
+
u˜r
r
+ u˜z = 0
Next chose the form of the perturbed solutions. It is reasonable to assume that they are
oscillatory like the surface perturbation:
u˜r = R(r)e
wt+ikx, u˜z = Z(r)e
wt+ikz, p˜ = P (r)ewt+ikz
If these are substituted into the linearized NS equations the result is the three following
equations, which can be arranged into differential equations in terms of R(r).
wR = −1
ρ
dP
dr
wZ = − ik
ρ
P
dR
dr
+
R
r
+ ikZ = 0
(2.1)
These three equations can be combined to write a single differential equation in terms of R:
r2
d2R
dr2
+ r
dR
dr
− (1 + (kr)2)R = 0
This differential equation has Bessel functions as solutions. This is not surprising, as the problem
has cylindrical symmetry. Since there are no singularities as r=0, I will assume a solution in terms
of the first kind of Bessel function:
R(r) = CI1(kr) (2.2)
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Plug this solution into equation (2.1). Using the property of Bessel functions that I0(r)
′ =
I1(r) it can be deduced that the first of the equations in (2.1) can be solved for P. The result is:
P (r) = −ρwC
k
I0(kr) (2.3)
At this point apply boundary conditions. The first thing to determine is the constant C. First
assume the surface velocity is dominated by radial velocity, or:
∂R˜
∂t
= u˜r
By using (2.2), the condition above, and the definitions of the perturbations, find C as:
C =
w
I1(kr)
(2.4)
The next boundary condition is that the forces must balance on the surface. This can be done using
the Young-Laplace equation, which gives the pressure across the boundary between two fluids, in
terms of interfacial tension. It is also a statement that a fluid boundary at rest has no tangential
forces.
∆P = σ∇ · n
This simply says the pressure difference is proportional to the divergence of the surface normal and
interfacial tension. This must balance with the pressure in the cylinder, which is an initial pressure
plus a perturbation.
p0 + p˜ = σ∇ · n (2.5)
This can be written in terms of the curvatures of a surface:
σ∇ · n = σ( 1
R1
+
1
R2
)
where R1 and R2 are the principle radii of the surface. For example, a cylinder has no curvature
in one direction, so the term 1R2 would be 0. For a sphere, both radii are equal and the equation
would be come 2σ 1R . The cylindrical case allows the definition:
p0 =
σ
R0
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The other variables in the equation, R1 is simply R˜, and curvature is defined to be the second
spatial derivative, so:
1
R2
= k2ewt+ikz
Solve for p˜, but first make a simplifying approximation. This is from the simple expansion of the
form 11+r ≈ 1− r
1
R1
=
1
R0 + ewt+ikz
≈ 1
R0
− 
R20
ewt+ikz
Plugging all this into equation (2.5) results in
p˜ = − σ
R20
(1− k2R20)ewt+ikz (2.6)
Using (2.6), (2.3) and (2.4) and the definition of perturbations, a dispersion relation can be derived.
w2 =
σ
ρR30
kR0
I1(kR0)
I0(kR0)
(1− k2R20)
This has some interesting features. As long as kR0 < 1 there will be unstable modes. The parameter
k is 2pi/λ, so 2piR0λ < 1, or the circumference must be less than the wavelength. The observation
that the wavelength of a perturbation must be on the order of the radius (or larger) explains why
a fluid cylinder needs to be about as long as its radius before pinch-off. Long wavelength modes
cannot be supported on too short of a cylinder.
2.1 Surfactants
Surfactants play an important role in producing stable droplets. When immiscible fluids mix,
the fluids have a tendency to separate. This is not favorable when producing droplets. I do not
want droplets to merge into large droplets should they collide. They need to remain stable for long
periods so they can be analyzed by microscopy or other methods. Surfactants make this possible,
making the droplet an energetically favorable situation by decreasing the interfacial energy. A
surfactant is typically a polar molecule with a hydrophilic head and hydrophobic tail. In the simple
case of oil droplets in water, all the tails will orient into the oil and the polar heads will prefer to
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be in water. This creates an emulsion, and is a way to mix oil in water. Many common molecules
have this behavior. A good example of a surfactant is soap.
I have used many surfactants, depending on the fluids. With water as the continuous phase
I use PVA (Polyvinyl alcohol), which is a common non-toxic polymer used in many industrial and
food applications. When working with liquid crystal droplets surfactants have other properties
other than their ability to stabilize droplets. They impose boundary conditions on the orientation
of liquid crystal.
The long range alignment of liquid crystal molecules depends on the surface, or boundary
conditions with which they are in contact. Two common types are planar and homeotropic. Planar
alignment causes liquid crystal to lie parallel to the surface, and homeotropic perpendicular to
the surface. Surfactants can impose this behavior because the hydrophobic tail has structure that
interacts with the liquid crystal droplet. PVA imposes planar alignment [7]. Another surfactant,
SDS (Sodium dodecyl sulfate) will impose homeotropic alignment.
Chapter 3
Detection and Control
3.1 Introduction
Detection and control of micro-droplets was a central goal of my project. Detection was
optical, and control electrical. The systems communicated through a simple electronic network,
mediated by a PIC micro-controller. See figure 3.1 for a photograph of the experimental setup.
The optical detection system is designed to detect objects based on their birefringence. A
birefringent object (e.g, a liquid crystal droplet) traveling down a micro-channel should be visible
between crossed polarizers. Isotropic fluid will remain undetected. The design goals for the detector
were to operate in the kilohertz range, and to be sensitive enough to detect small changes in
transmitted light intensity, corresponding to small liquid crystal domains.
The control system was based on dielectrophoresis, the steering of droplets of water (or other
polar fluids) using electric fields. By applying a strong non-uniform electric field, a dipole moment
can be induced in a droplet. Because the field is non-uniform and the induced charges are spatially
separated, they will feel different forces. This will give the droplet an overall net force, and can be
steered using this method. This system requires electronics capable of applying kilovolt pulses to
electrodes, at kilohertz rates.
Once a droplet is detected, a signal must be sent to the kilovolt pulse generator. Latency is
important. To sort droplets at kilohertz rates, better than millisecond response time is needed. For
this reason I decided to use a micro-controller to delegate messages between the optical detector
and the pulse generator. A PC may have unpredictable response time, and is not designed for real
15
time control (although there is specialized hardware).
3.2 The Optical Detection System
The optical detector operates on a simple trans-impedance amplifier connected to a photo-
diode. A photo-diode is a current source. The amplifier takes current as an input, and produces an
amplified voltage in response. It was more versatile than I had initially expected. The limitation
of trans-impedance amplifiers is the frequency of the input signal, however, I was getting sufficient
gain at kilohertz frequencies.
Photo-diodes have an inherent capacitance. The impedance of a capacitor is Zcapacitor =
1
jwC .
This implies as frequency increases, impedance decreases. The photo-diode is in parallel with a
resistor that is proportional to gain. As frequency increases, the impedance decreases, and gain
decreases. Note also that the capacitance of a photo-diode is generally proportional to the area of
the light sensitive surface. I was concerned that I would have to balance photo-diode sensitivity,
gain, and frequency. This turned out to be simple, and almost any photo-diode worked acceptably
well with some tuning of resistors.
The more challenging part of the system was the mechanical integration with a microscope.
I chose a design based on old microscope parts found around the lab. I needed a way to mount my
photo-diode somewhere in the optical path of a microscope. I chose to mount it in an eyepiece. I
found an out of commission microscope and harvested its eyepiece, and attached it to a metal box
that housed my circuit. The result is in figure 3.2.
The illumination source is a red diode laser, that is reflected at the base of the microscope up
through the optical path. It passes between two crossed polarizers with the sample between them.
This provides sufficient illumination for the photo-diode to measure.
The detection system performed better than I had anticipated. When I designed the system, I
only designed it to detect birefringent droplets. I did not anticipate needing to count total droplets,
which would require detecting isotropic droplets. However, I found that by slightly uncrossing the
polarizers, isotropic droplets sufficiently disperse the light to create a pulse in the detection circuitry.
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Birefringent droplets create a significantly larger pulse. By looking at the amplitude of the pulse,
I can distinguish the two types of droplets.
3.3 Control Circuitry
Once a droplet is detected, it is necessary to steer it down the proper channel. I have designed
and built several circuits in search of an optimal design.
The circuit receives and amplifies a signal from the photo-detector using a non-inverting op
amp. The advantage of this is the high impedance of the op amp. The amplified signal gets passed
to two comparators, each of which can be tuned by a potentiometer. One comparator is set to
trigger on an isotropic pulse, the other comparator is set to trigger on a birefringent pulse. The
comparator output is then routed to a PIC micro-controller that then out the signals and decides
when to trigger the high voltage pulse.
The comparator scheme had some issues. It was very susceptible to noise. When the signal
got close to the reference level, the output would oscillate wildly as the noise in the signals caused
the comparator to wildly oscillate. I tried experimenting with hysteresis and Schmidt triggers, and
it was just not working properly.
I decided to try to use the analog to digital converter on the PIC. The reference voltages would
still be set by potentiometer, except they were fed into pins on the PIC, as was the input signal. I
would have to do some input processing, but this method should in principle be less susceptible to
noise. I did get successful voltage comparisons, however I never perfected the system.
Around the time as I was building the circuit, I managed to construct small channel mi-
crofluidic devices, which would clog easily (I went from 200 micron channels to 20 microns). It was
about this time I started experimenting with glass capillaries to figure out the best way to remove
dust from the system.
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3.4 High Voltage Pulse
This was probably the most challenging component of the system to build. The goal was to
generate up to 2000 pulses per second, each at up to 1 kilovolt. The pulses were to be DC [4] and
last for 0.5 ms. The challenge was the pulse driver. I was using pulse generators we had in the
lab. They were capable of generating 1 kilovolt, which was good enough to get started. However
they could only drive 50Ω loads. My electrodes were all capacitive impedance, and much larger
than 50Ω. The pulse generators could in principle drive pure capacitive loads, but they produced
unusual waveforms. The solution was to put a 50Ω resistor in parallel with the electrodes. This
was problematic, as a kilovolt across 50Ω for 0.5 ms 2000 times per second draws a monstrous
amount of power, on the order of kilowatts. My 50Ω resistor was built of four high power 200Ω
resistors in parallel, each resistor equipped with integrated heat sinks. This was both inefficient
and terrifying to have on my desk. The pulses were challenging to debug, reflected off incorrect
impedances, caused electrophoresis of the water, and were generally difficult to work with.
Eventually I found a much more elegant solution. High frequency AC pulses work for droplet
sorting [2]. I found a low power step up transformer. I am not sure what the exact ratio is,
however it would easily convert the output from a 15 volt sine wave generator into 3 kilovolts. The
transformer operated at 100 KHz, however this could be pulsed at any frequency. The system is
low power, and less frightening. It is also small. I have not had a chance to test this as a component
in the entire system.
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Figure 3.1: Experimental setup capable of detecting micro-droplets produced at a rate of kilohertz.
The object inserted in the left microscope eyepiece is the optical detection system. The output
is displayed on the oscilloscope. Near the left edge of the optical table is a laser that is reflected
into the microscope’s optical pathway. In the center of the table are computer controlled syringe
pumps. The kilovolt pulse generator is not in this image.
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Figure 3.2: Photodetection system. Three power ports and a signal out, mounted in a steel case.
Chapter 4
Glass Microfluidics
4.0.1 Introduction
Glass capillary devices, as the name implies, are made of glass capillaries. The capillaries are
on the order of 1mm outer diameter. There are many advantages to having glass channels, such as
chemical resistance. I like them because can be built quickly, and I can build them in parallel. I
typically make 6-7 at a time. To avoid possible contamination, I avoid reusing devices, especially
ones with liquid crystal. Liquid crystal that is allowed to rest overnight in a small needle (20 micron
diameter or less) tends to clog. The reason this happens is unclear to me, however it has happened
enough that I avoid it.
The basic glass capillary design is made of three capillary tubes, a microscope slide, two
syringe tips, and five minute epoxy.
Figure 4.1: A simplified glass capillary diagram.
Figure 4.1 shows a side view of a simplified diagram of a glass capillary device. The design is a
square glass capillary on a microscope slide. Inserted inside the square capillary are two cylindrical
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glass needles. Attached and sealed at the end of the rectangular capillary are syringe tips. The
syringe tips are ports where fluid can be pumped into the device, typically the continuous and
middle fluid. Tubing can be attached to the ends of the cylindrical needles. The sharp needle
injects the inner fluid, and the other needle is the exit.
The critical feature of this design is the point where the needles meet. The flow becomes
compressed, and this creates shear stress on the inner fluid column, which will induce droplet
breakup. Figure 4.2 illustrates how fluid flows in a glass capillary device to form a double emulsion.
Figure 4.2: Fluid flow for double emulsion formation. [12]
The design in figure 4.2 can also create single emulsions by simply not having a middle fluid.
It is also possible to insert the tip of the injection tube inside the collection tube. This will generate
single emulsions. If a middle fluid was injected, it would not properly coat the injection tube.
It is also possible to generate emulsions without a collection tube. This is known as co-flow
geometry. Drops form as fluid leaves the injection tube. If the inner fluid flow rate is sufficiently
high, jets of fluid can form. See figure 4.3.
Glass capillary devices have simple designs. There are advantages that cannot be easily
achieved with PDMS devices, such as multiple emulsions. The flow is three dimensional, meaning
fluid flows with full cylindrical symmetry. PDMS devices have rectangular channels, and shear
forces are only easily generated laterally, not vertically. This makes forming double emulsions
difficult.
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Figure 4.3: A single emulsion of E31 liquid crystal formed in a glass capillary device. This design
was tried only once, and it generates droplets without shear flow generated by a collection tube
[12]
Chapter 5
Using Microfluidic Devices
5.0.2 Filling the device
Using a microfluidic device fabricated from either glass capillaries or PDMS involves similar
steps. Care must be taken when filling it with the continuous fluid. All air bubbles need to be
removed from the system if possible. Dust and debris also should be avoided (see the chapter on
dust).
Air bubbles are a killer of microfluidic devices, particularly the glass capillary sort. They are
remarkably stable, and stick aggressively to glass surfaces, especially at the junction where shear
flow forms droplets. This is also the worst place in the system to have a bubble. They can generally
cause unpredictable flow behavior, as they may occasionally dislodge or compress and expand. The
length scales and viscosities involved enforce laminar flow, and a disturbance from an air bubble
downstream can be felt upstream. They are exceptionally disruptive when trying to form double
emulsions. An air bubble sitting near the tip of the injection needle can prevent the middle fluid
from properly coating the tip of the needle. They are nearly impossible to dislodge once formed.
Bubbles sometimes can be forced out, but it is likely to waste lots of fluid. This has three major
risks. First, the fluid could be an expensive liquid crystal. Running out of fluid in a syringe is
also a risk when trying to clear a blockage. It is possible to refill the syringe, however this is an
opportunity to introduce more air bubbles. Third, the more fluid pumped through the system,
the higher the probability of debris in the fluid jamming the device. All of these reasons make it
worthwhile to slowly and carefully prepare the device.
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The first fluid injected in the device should be the continuous phase. The device should be
filled completely to wet all surfaces. The first step is to connect micro-tubing to exit ports, with the
free end open to the environment. Having lines on these ports is important in the initial ’boot up’
phase, and in the running phase for PDMS devices. Then the continuous phase fluid is connected
to the appropriate input port, and the channels in the device are slowly filled, ensuring that all
surfaces near junctions and intricate shapes are fully wet. If filled too quickly, air pockets might
get trapped. Not all channels will fill at the same rate, as some are narrower than others. Once
all pathways are partially or totally filled, the exit lines are kinked or plugged. I do this by folding
the line and clipping with a binder clip. This prevent back-flow in the device, which is very large
source of bubbles.
At this point the other hoses that use the same type of fluid as the continuous phase are
connected. When connecting tubing at this point, it is important to have beads of fluid on the end
of the micro-tubing as well as on the input port on the device. This will prevent air bubbles from
getting pushed into the system. For example, in the double emulsion device, I fill the continuous
and inner phase first. Connecting the middle fluid was the last step.
Once the device is filled, the syringes can be placed in the syringe pumps and can start to
run.
5.0.3 Equilibriating The Device
Equilibrium in micro-fluidics is the state a device achieves when all the flows are steady, and
the device behaves predictably. There is research on non-equilibrium micro-fluidic devices, such as
computing with droplets [11]. That work is beyond the scope of my research, although interesting.
There are many conditions that must be satisfied for a micro-fluidic device to be in equilib-
rium. The flow is laminar, so the flow velocity at each point needs to remain constant. The surface
energies in the system need to be constant. Droplets of fluid attaching/detaching to channel walls
will create an out of equilibrium situation. There is also compressibility in the system, from trace
air bubbles anywhere in the syringes, and PDMS is flexible as well.
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Getting a device to reach equilibrium can take quite some time. The first few times I tried to
run a device I was confused. I was injecting fluid into the system for 10 minutes and nothing was
flowing. There were no clogs or leaks. Thirty minutes later fluid began to flow through the device.
A couple minutes later the flow was steady and the droplets produced were mono-disperse.
Chapter 6
PDMS Device Fabrication
Microfluidic devices can be made from many materials, a common one being a polymer called
PDMS, which is an acronym for Polydimethylsiloxane. It is transparent, and can vary in flexibility
depending on preparation. It is inert, non-toxic and non-flammable. This makes it popular in
medical applications. It is also relatively inexpensive and easy to work with, which makes it popular
for the fabrication of microfluidic devices. I use it for the walls and ceiling of the micro-channels in
my devices. I form the walls and ceiling in a process called soft lithography. Once I have formed
the channels in a block of PDMS, the block is bonded to a glass slide, which forms the channel
floor. At this point the device is functional. This process creates square channels, which can be an
issue for some applications. The channels are also slightly permeable, so chemical contamination
of channels may be a problem for some applications.
The main advantage of PDMS microfluidics is the versatility of channel design. Channels
can be as small as 10 microns in width, and can be designed in CAD. The channel geometry is
limited only by the imagination of the designer, the lithography process, and the properties of
the substrate and mold (which is typically SU-8 on silicon). SU-8 is a very mechanically robust
material. Fabrication is a multi-step process, involving lithography, pouring the PDMS, bonding
the PDMS to glass, and operation of the device. Each process involves several steps.
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6.0.4 Pouring the Mold
This is a very straightforward procedure, although it is important and can take a while if
done properly. I use three inch wafers. A PDMS block can be any height desired. I tended to
aim for roughly half a centimeter. A good guideline is as thick as possible, but thin enough to
allow proper focus with a microscope. Ultimately the microfluidic device will be placed under a
microscope, with the intent to look closely at the channels. If the material above the channels is
too thick, it will be impossible to move the objective lens close enough.
Simply place the wafer face up in the petri dish, and pour until the desired thickness is
reached. If possible, pour in such a way as to minimize air bubbles, although this is generally
impossible. It also is likely there are thousands of air bubbles from the mixing the PDMS. If the
wafer has small features on it, it may be worth the effort to de-gass the PDMS before pouring. I
have seen a couple of instances where tiny bubbles got stuck on small features. It is best to pour
the PDMS within a couple of hours of mixing. Over time, it will slowly cure on its own and become
difficult or impossible to use.
Before baking, all air bubbles must be removed, or they will become a permanent feature.
One option is to let the device sit overnight. The air bubbles will rise to the surface and pop. Only
a few will be left on the surface, and can be popped with a needle. A better option is to put the
dish into a vacuum chamber for a few hours. The PDMS will degass much more quickly. Most of
the time there are some remaining bubbles on the surface, which can be popped manually.
Occasionally the bubbles may be in a trivial location, and it does not matter if they are there
or not. I recommend popping them anyway, as sometimes they diffuse during baking. I have seen
one case where the bubble came to rest and solidified directly over the spot I wanted to observe
under magnification.
Choosing a petri dish is application and situation dependent. Plastic dishes are cheap, but the
downside is their low melting temperature. This requires baking the PDMS at a low temperature
for about 2.5 hours. Glass can tolerate very high temperatures, and PDMS can be cured in an hour
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or less at higher temperatures.
6.0.5 Multi-Layer PDMS Devices
Most of the devices I build are a single layer of PDMS. Under certain circumstances it was
advantageous to create a layered device. In other words, there are layers bonded on layers. The
reason I did this was magnification.
Most of the time I was only interested in 5X to 10X magnification, so the objective lens did
not have to be very close to the channels. However there were a few instances when I wanted to
view the micro-channels in 20X magnification. The objective needed to get closer than a thick
block of PDMS would allow. The solution was to make the block much thinner. The issue this
caused was that the micro-tubing could not be inserted far enough to create a good seal. Layering
allowed me to add extra material over the micro-tube insertion points for a good seal, but not over
the channel I wanted to observe. This allowed the microscope objective to get in close, and created
a good seal.
6.0.6 Bonding PDMS to glass
Bonding PDMS to glass is a process where a block of PDMS can be permanently and strongly
bonded to glass, without adhesive. The idea is to expose PDMS and glass briefly to an oxygen
plasma. The exposed surface of the PDMS is then brought in contact with the glass, and a very
strong bond is formed. The plasma breaks hydrogen-oxygen bonds on the PDMS, which when
brought in contact with glass, leads to covalent bonds. When done properly, the PDMS block
cannot be pulled off by hand, or any other forces I have tried. Scraping with a razor blade for
example is not 100% effective.
The process was difficult at first, as timing and cleanliness are critical. Organic residues on
the glass surface can cause improper bonding. Pre-cleaned microscope slides handled carefully with
gloves are generally clean enough for a proper bond. Otherwise a more involved cleaning procedure
can be used.
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For plasma exposure, I used the bell jar plasma chamber in Youngwoo Yi’s lab. In this
chamber, I have found 25 seconds of air plasma at standard operating conditions is the best exposure
time. Too short of an exposure time leads to a weak bond, while no bond forms if the exposure time
is too long. When I started, I was using an exposure time of 45 seconds, which did not work well.
The first thing I tried was increasing the exposure in increments to 90 seconds, with no success.
The key is shorter exposure times. An overly long exposure erodes the surface or destroys the
bonds.
After exposure to plasma, it is important to quickly and precisely place the PDMS on glass.
Once on the surface, do not try to adjust or move the PDMS, this will destroy the ability to bond
entirely, or degrade the quality. After glass/PDMS contact is made, heat on a hot plate for 25
minutes at 75◦C, then let cool to room temperature. If in a hurry, usually the device can be used
immediately after it cools. For the most consistent results it is best to let it sit overnight. I have
not had a problem with heating too long. I have left some devices on the hot plate for over an hour
for a successful bond. An interesting point is that the surface of PDMS will be very hydrophilic
for a couple hours after exposure. This time can be increased if immersed in fluid. A solution of
water and PVA is frequently used to create a hydrophilic surface.
My initial experiments with plasma bonding were on solid blocks of PDMS without channels.
If there are channels, care must be taken to apply even pressure to the PDMS. The goal is to simply
form contact between the PDMS and glass. PDMS is flexible, and too much pressure or uneven
pressure risks bonding the ceiling of the channel to the glass, which will block fluid flow.
6.0.7 Non-glass substrate bonding
Plasma bonding works for some non-glass substrates. I have tried two different types, silicon
and PDMS.
Bonding PDMS to PDMS is very useful. Microfluidic devices made of PDMS bonded to glass
have three walls made of PDMS, and a floor of glass. The surface tension between glass and a
fluid may be different from that of PDMS and the fluid. This can cause issues with fluid sticking
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to one surface. There are a couple of solutions. One is coating the walls of the microchannels with
sol-gel [1]. This makes the PDMS less permeable, and coats both glass and PDMS, causing all
surfaces to have the same surface properties. The coating is microns thick, and changes the shape
of the channel. I have not tried this method, mainly because I did not have any sol-gel. The other
common option is to coat the glass substrate with a thin layer of PDMS. Then the coated glass
slide and the PDMS channel can be exposed to plasma and bonded in exactly the same way as as
PDMS to glass.
There are some caveats. Coating the glass is not always trivial (as with any spin coating
operation, there is some art to it). The glass must be very clean. I was not overly concerned with
the precise thickness of the PDMS layer. I did my spin coating at 1500 RPM for 35 seconds, with
a 10 second ramp up. Any speed over 1500 RPM was not always successful. Microscope slides are
prone to falling off the spindle due to the difficulty of centering a rectangle perfectly on the spin
coater. Larger square glass sheets would occasionally break from the acceleration. Care must also
be taken to pour the PDMS on the slide in such a way as no air bubbles form on the surface, or
they may cause streaking during the spin coating. If they do form, it is best to wait for them to
pop. Putting them in a vacuum for 20 minutes may also work, but I have not tried it.
The other problem is that PDMS is not plasma bonded to the glass. It adheres well, but
it can be peeled off. The devices are a little more delicate because of this. PDMS is permeable
to some fluids. For example, when using hexadecane as my continuous fluid, if I let the device
sit overnight the layer would peel off rather easily. Because of this it is best to use these types of
devices immediately after filling.
I tried silicon-PDMS bonding by accident. I was attempting to clean the surface of a wafer
from which I had cut a block of PDMS, and I wanted to pour PDMS in the hole to generate
another device. This is a common technique. However, I had reason to believe the mold had
become contaminated with organic material, and I wanted to clean it. Acetone and IPA were not
successful, and only made matters worse. It is not a good idea to use Acetone on PDMS as it tends
to swell. Oxygen plasma is good at cleaning trace organics from surfaces, so I decided to try this.
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It did clean the surface, however around the hole where I cut the mold the PDMS had slightly lifted
off the silicon surface, suggesting that some plasma must have got in the space. I then poured the
mold as usual, went through the curing process, and cut out the new PDMS block. I cut the block
larger than the first, so I was attempting to pull off sections of the PDMS that got exposed to
plasma. It was stuck in patches to the silicon, and caused my new PDMS block to tear as I tried
to lift it off.
6.0.8 Solder Electrodes in PDMS
To perform dielectrophoresis, it is necessary to integrate electrodes into the PDMS channels.
There are two methods of doing this: Indium Tin Oxide (ITO) electrodes, and solder electrodes.
After trying ITO electrodes, I settled on solder, using a process called microsolidics [13]. I will first
discuss the process of ITO electrode fabrication, as it was successful and possibly useful. Solder
electrodes were simple enough, and the process outlined in the literature worked as promised.
ITO is a thin transparent conductive coating on glass. It can be patterned with lithography,
so it has the advantage of versatility. However, the benefit and disadvantage is that it is transparent.
The PDMS channel block must be placed within a micron or two of the electrodes, which is difficult
to achieve when the electrodes are invisible. ITO can be seen by looking at it in reflected light,
however I did not succeed in setting up this environment underneath a microscope. The tips of
my electrodes were about 50 microns apart, so a microscope was necessary. The solution was to
make the electrodes visible to the naked eye. I did this by sputtering gold over the ITO electrodes.
Sputtered gold will not stick very well to glass, or to ITO. However it bonds more strongly to ITO
than glass. By doing this, I could rinse off the slide with alcohol and a Kimtech wipe, and some
gold would still be stuck to the ITO. This sufficed to make the electrodes visible, but not enough
to make them opaque either.
The next part of the process was mechanical contact and alignment of the PDMS. In this step,
the goal was to place the PDMS block precisely on the electrodes and allow the plasma exposed
surface to bond to the glass. This is hard because the margin for error is 1-5 microns. I tried this
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a few times by hand, but there is only one chance to try. Once the PDMS is on glass, no second
attempt is possible. I had a 50% success rate at hand placement. That is terrible, as about 8 hours
of labor is required to create the PDMS and ITO for each try. My solution was to modify my
microscope stage to allow for precise alignment.
I placed my microscope on a stable optical table. Next to the microscope I placed a heavy
ringstand with height adjustment knob. I created an arm that could hold a PDMS mold at the
edges. This consisted of a glass microscope slide at the end of a steel bar. The slide was held onto
the bar with a plastic set screw, and could easily be released. The slide had two bonded chunks of
PDMS on each side with needles sticking out. With this apparatus, I could place my PDMS mold
on the slide, and push needles into my mold to hold it in place. I then maneuvered the arm under
the microscope objective. I was able to position the slide roughly over the ITO electrodes, which
were on the microscope stage.
I modified the stage itself to be able to translate and rotate in the X-Y plane. I could adjust Z
on the ringstand. With this apparatus, I maneuvered the ITO electrodes under the PDMS channels,
and then slowly lowered the ITO into place. Once I made contact, I applied light pressure by hand,
and then released the set screw. I could then retract the arm, and form the bond. After some
practice, I was able to get 100% success.
This whole process was painstaking and a little nerve wracking, considering if I failed it was
a whole days work. It worked, but it was not easy enough. So I decided to try the ”microsolidics”
approach [13]. This is a technique where microfluidic channels in PDMS are filled with low melting
temperature solder. This is a fascinating technique in its own right, with many possible applications,
flexible electronics for example.
For microsolidics to work, surface treatment of the microchannels is necessary. I use 3-
mercaptopropyltrimethoxysilane in acetonitrile at 0.1M concentration. I would heat a recently
built PDMS device on a hot plate for 15 minutes, then let it cool. The PDMS should still be
reactive. At this point I would place a drop of the silane solution at the entrance of the electrode
channels. Capillary forces would draw the solution down the channel. I waited about 1 hour for
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the solution to disappear by a combination of evaporation and absorbtion by the PDMS.
The solder is to be heated and drawn into the device by a vacuum pump. It is important to
hook the vacuum system up to the channels prior to heating. PDMS loses some durability when
heated, and scraping the sides of the channels during insertion of the hoses while the PDMS is
hot may clog the vacuum with debris, or form a weak seal. I connected the vacuum system to
the microfluidic device with a glass capillary inserted into the end of plastic tubing. I find glass
interfaces better with PDMS than plastic tubing, although care must be taken not to insert the
glass too far, or the seal may be too strong to remove.
Once connected, heat the device on a hotplate at the melting point of the solder (70C stuff
is a good temperature, although I have gone over 100C). Melt a drop of solder at the entrance, and
turn on the vacuum. If all goes well the channel should fill very quickly and completely.
6.0.9 SU-8 Lithography
Lithography is the process I use to create a mold for the micro-channels. It has some similar-
ities to the process of development of a photograph, except the result is a 3 dimensional structure.
The process I use can create structures about 10 microns in size. The structures have relief, how-
ever the patterns themselves are two dimensional. There is limited control of structure in three
dimensions using conventional lithography techniques.
There are three main components in a lithographic process: substrate, photoresist, and mask.
The substrate is the surface on which the structures are fabricated. There are many possibilities,
I use 3.5 inch silicon wafer with a highly polished surface. The crystal structure of the wafer is
not particularly relevant for my application, however my wafers were (100) cubic. This had some
advantages, like being able to break the wafer predictably along right angles if necessary.
SU-8 is a high-strength, high-contrast epoxy based photo-resist [9]. It can be used to create
very high aspect ratio structures, with enough mechanical strength to be used as components in
micro-machines. For example, a millimeter thick two stroke engine has been made of SU-8 [8].
An example of the mechanical capabilities of SU-8 is a tower 1000 microns tall, with 25 micron
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features, see Figure 6.1.
Figure 6.1: Structure from Microchem website.
The robust mechanical properties of SU-8 make it an ideal mold. It bonds strongly enough
to the wafer that dozens of PDMS channel blocks can be made from a single SU-8 mold without
damage. Working with SU-8 is a bit of an art. It took a lot of trials and failures before I got it
working well.
Making SU-8 channels with large features was not terribly difficult. See Figure 6.2 for an
example. A lot can go wrong, and it will still be good enough.
Making small SU-8 structures was very challenging, and everything must be perfect. The
first critical step is spin coating. The wafer must be clean. When pouring, there can not be any
bubbles. Spin coating must be even. The Microchem fabrication guide will get decent results. The
issue is in exposure. The light source must be high quality and precisely timed.
For many applications, a mercury lamp will work as a source for UV light. For fine structures
in SU-8 it is too slow and imprecise. A high quality mask aligner is required. Slight overexposure
will create slightly sloped sidewalls, which helps the PDMS peel off properly.
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Figure 6.2: Early prototype of large microchannels of 200 micron lateral dimension
Chapter 7
Dust
7.0.10 Dust
Dust is everywhere. It has a remarkable impact on our daily lives. From allergies to micro-
processor manufacturing, it wreaks a silent havoc on modern society. The field of microfluidics also
suffers from dust and debris in the environment. The critical Y junction in the devices I built have
features between 10 and 20 microns. It did not take much to change or disrupt flow under those
circumstances.
After much experimentation, I mastered the fabrication process, however almost every device
I built was destroyed by dust. It is sometimes possible to clear a jam, but not always. The general
procedure for trying to clear a jam is push a lot of fluid quickly down the channels. This would
sometimes damage the device by causing ruptures, or forcing more debris down the channel. It
may also introduce air bubbles in the system, or simply waste fluid. When working with expensive
liquid crystal material it is necessary to have a low waste system.
This led me to experiment with techniques to create a dust free system. The first thing I
tried was 0.2 micron syringe filters. After attaching a syringe filter, I would flush the micro-tubing
with copious amounts of fluid to remove any dust and debris that may be inside. This did help,
but not a lot. I still got plenty of clogs, and I realized there are two sorts of ”clogging agents”. The
first and least common was environmental dust and debris. Under the microscope this generally
looks opaque. When viewed with crossed polarizers it is slightly birefringent. This is the sort of
material syringe filters will remove.
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The most common sort of debris is plastic or PDMS scrapings. Under the microscope this
looks transparent, and is not birefringent. The source of this debris is almost exclusively formed
during the micro-tubing connection process. There are two types of connections, tubing to glass
and tubing to PDMS. After some experimentation, I found solutions to both of these issues.
The tubing to glass debris is formed from the sharp edges of the glass capillary scraping the
tubing. The solution is simple, use a torch to smooth out the edges. It takes some practice to get
a feel for how long to keep the flame on the glass, but it is not complicated or precise work. The
goal is to get slightly rounded edges around the entire capillary.
The PDMS-tubing interface can take advantage of a glass connection as well. Simply cut a
short length of glass capillary and smooth the edges on both ends. Insert one end into the tubing.
Flush throughly to remove any generated scrapings. Then connect the other end to the PDMS. It
is also possible to insert tubing to PDMS directly if done carefully. It is best to cut the tubing end
at a slight angle, like a syringe. I try to avoid this, however it is done in practice in many labs.
Chapter 8
Conclusion
All of the components of the sorting system have been individually built and tested. The dust
and debris problem that was destroying them has been solved. I know how to reliably manufacture
very small SU-8 features. The systems now need to be integrated. The side project that came from
understanding how to eliminate dust is making steady progress, and has produced smectic shells.
The viscosity of isotropic 8cb needs to be more accurately matched to the continuous phase. A
conference proceedings by Jan Lagerwall mentions using glycerol to increase the viscosity of water,
but does not mention how much [7]. I have been experimentally determining this value by trial
and error. This has not been the most efficient method. Chemical engineering has tools to measure
viscosity precisely, which will ultimately be the best option. It will also be a good value to know
for future reference, as well as peer review.
I have made smectic shells, however the production is sporadic because of the viscosity
mismatch. Figure 8.1 is a photograph of one of the first shells I ever created. Monodisperse
droplets are an eventual goal, however variation in droplet size and shell thickness at the early
stage is not a bad thing. There will be many different structures to examine.
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Figure 8.1: Smectic shell, no polarizers.
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Chapter 9
Appendix A: Selected Photographs
Figure 9.1: Production of monodisperse droplets in PDMS
43
Figure 9.2: Droplets traveling down path of slightly lower fluid resistance
Figure 9.3: Manufactured PDMS device, no electrodes
Figure 9.4: Glass device on custom temperature stage.
44
Figure 9.5: Prototype heated glass device. Used nichrome wire, and a ton of power.
Figure 9.6: Syringe pumps.
45
Figure 9.7: Setup with high speed camera attached.
